[1] The magnitude-frequency distribution of boundary shear stress frames erosion rates in bedrock rivers, but empirical constraints are rare, particularly for extreme floods. Here we present measurements of mean stress t b and its frequency distribution along a fast-eroding river in Taiwan. We construct rating functions of discharge and hydraulic geometry using high-resolution satellite images of flood patterns, river stage time-series, topographic profiles, and post-flood field surveys. The method allows us to assess the spatiotemporal variation in t b along the channel. The boundary shear stress PDF p(t b ) has a steep power-law tail, and includes semiannual floods generating t b % 100-200 Pa and 50-year, 3000 m 3 s À1 events driving t b ! 300 Pa. All such floods contribute to modification of the coarse alluvial cover and erosion of the bedrock bed. Given the steep tail decay in p(t b ), the rapid channel incision probably owes more to the exceptional frequency of moderate shear stresses than to the magnitude of the extremes. 
Introduction
[2] Few datasets exist that relate flows in mixed bedrockalluvial channels to the velocities and boundary shear stresses that determine their erosion and deposition [Molnar et al., 2006] . Not only do bedrock rivers lack the kind of empirical constraints on hydraulic geometry available for alluvial rivers [Leopold and Maddock, 1953] , but rarer still are data on the longitudinal variations in flow geometry at different discharges. Thus we have a limited ability to understand the degree, nature, and consequences of the spatiotemporal complexity of shear stresses along incising channels and to constrain models of their evolution [Stark, 2006; Turowski et al., 2008; Wobus et al., 2006] .
[3] Our goal here is to demonstrate that mean boundary shear stress can be measured over time along a bedrock channel despite very limited stream-gauge data. We accomplish the task using high-resolution satellite imagery and modest field calibration.
[4] To date, remote-sensing studies have focused on very large lowland rivers with broad floodplains [e.g., Smith, 1997; Bjerklie et al., 2003; Brakenridge et al., 2005] , using satellite images to monitor river stage [Koblinsky et al., 1993; Birkett, 1998; Birkett et al., 2002] , changes in river stage [Alsdorf et al., 2000 [Alsdorf et al., , 2001 , flood inundation [Sippel et al., 1994 [Sippel et al., , 1998 Townsend, 2001] , and flow widths averaged over reaches [Smith et al., 1995] or at transects Zhang et al., 2004] . In principle, remote sensing can also be used to infer hydraulic geometries and boundary shear stresses, but none of the prior studies have taken this step, nor have their methods been tested in narrow, O(100 m) wide, mountain river channels.
[5] The application of remote gauging to small upland rivers presents a very different challenge to the assessment of large lowland rivers. Wetted channels 10-100 m wide require 1 -5 m imagery, eliminating the option at present of stage measurement using SAR data; mountain catchments are particularly prone to cloud cover that reduces the number of usable images, especially during the important storm-stage flows; high topographic relief necessitates and complicates accurate orthorectification for image-series co-registration, requiring 10 m resolution or better DEM data and very good ground control; ground validation of flow geometries is logistically and technically more difficult; significant changes in alluvial bed geometry occur frequently, frustrating width-based rating; and flows are typically shallow, rough, and sinuous, which complicates flow modeling.
[6] Remote gauging can nevertheless be performed in mountain rivers given (1) very high resolution, multitemporal, VNIR satellite imagery, (2) good ground control for image co-registration, and (3) a well-located river stage recorder providing a long time-series of discharge estimates. Valley and channel walls must not be generally sub-vertical. These criteria are met in many mountain catchments in Taiwan, a particularly compelling location for the spatiotemporal assessment of channel flows and boundary shear stresses because of its exceptional rates of bedrock channel incision and landscape evolution [Li, 1976; Hartshorn et al., 2002; Dadson et al., 2003; Turowski et al., 2008] . The data presented here on hydraulic geometry in Taiwanese rivers will be a welcome resource in the study of bedrock channel dynamics.
Mapping of Mean Boundary Shear Stress
[7] We focus on the Zhuók ouxī catchment, which is located on the south-western flank of the Central Mountain Range (Figure 1a ) at a steep range front created by the oblique-thrust Cháozh ou (Chauchou) fault. The Zhuók ouxī (often rendered as the Jhuokou or Jukou Shi, meaning the ''Muddy Mouth River'') drains a 375 km 2 catchment along the Màolín Valley; our study reach extends 14 km upstream from its outh at Dàjīn close to the confluence with the Ga opíng (Kaoping) River. This steep (Figure 1c) , mixed bedrock-alluvial river cuts at 6 mm y À1 [Dadson et al., 2003] through an intermittent alluvial layer of mostly quartzite cobbles, boulders, and argillaceous sand, into argillite bedrock. Peak flows occur during the onset of the Méiy u in spring, and during typhoons in the summer and autumn, and can exceed 3000 m 3 s
À1
; flood discharge usually lasts for no more than a few days before dropping to typical low stages flows around $30 m 3 s
. In winter, peak flows rarely exceed 100 m 3 s À1 .
[8] We combine field and remote-sensing measurements along the Zhuók ouxī with a simple theoretical analysis to estimate the mean boundary shear stress t b for a range of discharges. For reasonably straight, constant-gradient reaches, and uniform steady flow, boundary shear stress t b is
where R is the hydraulic radius or ratio of cross-sectional area A to wetted perimeter P, r is water density, g is gravitational acceleration, and S is the channel bed slope. Mean flow speed is the discharge per unit cross-sectional area A,
Estimation of t b and U at a transect therefore requires measurement of the channel slope and the flow crosssection. The latter is obtained by combining the transect topographic profile with satellite observations of flow width at each discharge.
[9] We surveyed channel topographic transects at locations carefully selected with low-angle channel walls, and obtained the longitudinal profile of the river by projecting DGPS surveys of the flow channel edges at low stage onto the channel centerline. To reduce error, we used a 300 m median filter along the longitudinal profile and computed the gradient from the best linear fit of the filtered profile within each 300 m window (Figures 1b and 1c ). While there is some variation in slope along the Zhuók ouxī channel below this scale, there are no significant knickpoints present and the gradient varies on a O(1 km) length scale between 0.5% and 1%.
[10] The Water Resources Agency of Taiwan has maintained an automatic stage recorder on the Zhuók ouxī since 1970, first at LUMS02 (1970 -1983) , then at DAJN20 (1989 -2005) , and now at XINS03 (2006 -present) (Figures 1 and 2 , and peak Q max > 3000 m 3 s À1 . For our rating study, we used the 10 am measurement for each F2 image date (Table 1) .
[11] The empirical PDFs for hourly and daily discharge All the empirical PDFs indicate a power-law decay in the tail p(Q) $ Q ÀaÀ1 $ Q
À2
, i.e., a Pareto exponent of a % 1, which is indicative of frequent extreme events [Turcotte and Green, 1993; Stark and Hovius, 2001; Lague et al., 2005] relative to exponentially decaying PDFs.
[12] To estimate hydraulic geometry at each transect and discharge, we mapped flow width in a series of FORMOSAT-2 (F2) satellite images and supplemented this with field mapping of extreme flood width and depth along the channel.
[13] Since 2004, the F2 VNIR sensor has collected 2 m-resolution panchromatic images and 8 m-resolution multispectral images at approximately 10 am daily over Taiwan with a swath width of 24 km. The return period for any given region of interest is irregular because of scheduling priorities; image acquisition is often off-nadir, affecting both the field of view and the amount of image distortion. Substantial cloud cover is common, especially during the high-magnitude flood events that most alter the channel, which further reduces the availability of the most useful imagery.
[14] Nevertheless, many near cloud-free images of the Zhuók ouxī with good satellite geometry are available, most of which are acquired during the dry season when the river is at low stage. On a few rare passes, F2 has captured the river at high stage, providing a set of images that span much of the range of recorded discharge (Table 1) .
[15] The accuracy of wetted channel width measurements depends on the precise co-registration of the image series, which we accomplished in two steps. We first orthorectified the selected images to a 5 m DEM using ground control points collected in the field and from orthophotographs. We then warped each image to the 2006/03/17 low-stage reference image, which was acquired at our request during fieldwork. By deploying a set of satellite-visible, precisely located targets on the river bed during the F2 overpass, we achieved the best possible ground control for this image.
[16] We mapped the wetted channel in each F2 image using a variety of processing techniques. The clarity of the wetted edge varied with shadows, haze, illumination angle, channel orientation, and bed material: in some cases, the edge was sharply defined in the panchromatic image; in others, it was clearer in the pan-sharpened multispectral image; in yet other cases, it was most clear after applying a Sobel edge filter to the panchromatic image. [17] Although the F2 satellite did not image the Zhuók ouxī during the two most extreme flood events on record, we were able to map their approximate hydraulic geometry by examining images from before and after the floods. Discharge reached 3163 m 3 s À1 on 2004/07/04 during Typhoon M ındu lì (Mindulle), the highest ever recorded on the Zhuók ouxī. A year later, discharge during Typhoon H aitáng reached 2894 m 3 s À1 on 2005/07/20. Together, these floods left a clear high water mark along much of the channel which we mapped through a comparison of a SPOT-5 image acquired before M ındu lì and F2 images acquired after each storm (Table 1 ). The mapping was validated at each transect with observations of the high water mark measured in the field.
[18] At each transect of the channel we find nonlinear relationships between R, t b , U and Q which we approximate with power-law scaling functions. Since slope is fixed at each transect, t b $ R (equation (1)). However, since channel geometry and boundary roughness changes in a complex fashion along the channel, the scaling of t b with Q and therefore the shape of p(t b ) is different at each transect. For example, at WANS28 (Figure 2b) , which is approximately trapezoidal with relatively steep bank angles, we find
At WANS29, located 650 m upstream, most flows are confined between gently dipping banks; only the highest discharges are bounded by steep bedrock walls. Here we find
The scaling of t b with Q has an exponent that ranges from 2/3 to 1/4 over the surveyed reach, which points to a dynamic variability in channel roughness and shape that current landscape evolution models, which hold the scaling constant, fail to capture.
[19] We calculate the shear stress distribution p(t b ) for each transect by applying each empirical scaling relation t b $ Q 1/b to the discharge distribution p(Q). Figure 2c illustrates the result of the transformation at WANS28 where b = 3. The power-law tail of the discharge PDF steepens under transformation from p(Q) $ Q ÀaÀ1 with a % 1 to
Power-law distributions with such large exponents are relatively light-tailed, and in an empirical PDF they are barely distinguishable from exponential in their decay (Figure 2 ). At WANS29, however, where b = 2, the t b tail decay is heavier,
Values of g vary along our study reach between 1.5 and 4, but typically fall between 2 and 3.
Discussion and Conclusion
[20] We have shown how a combination of high-resolution remote-sensing, stream gauging, and field surveying can be used to measure hydraulic geometry, mean boundary shear stress t b , and its magnitude-frequency distribution at any transect along a mountain river channel. Our estimates of width, depth, and shear stress at ten selected transects for each of the discharges imaged by the F2 satellite show that t b can vary significantly along the channel during a single discharge event, as the flow is squeezed and stretched through transects with different geometric and frictional characteristics (Table 2) .
[21] The data reveal the hydraulic geometry and minimum discharge Q c (and percentile Q % ) needed to begin inundation of the channel wall (right-hand columns of Table 2 ). Field observation of the effects of flows below this critical stage, supplemented by simple Shields stress calculations, show that moderate flows hemmed in by the alluvial-bedrock bed topography, and prevented from inundating the channel walls, can move boulders as large as %0.5 m in diameter (note that local boundary shear stresses often significantly exceed the mean t b ). We conclude that a significant fraction of the moderate floods in the Zhuók ouxī and other bedrock rivers in Taiwan can move bed sediment and drive vertical incision into bedrock, but rarely induce wear on the bedrock walls. Only deeper and more powerful Hydraulic geometry and minimum discharge at the initiation of channel wall inundation. Mean boundary shear stress t b is computed with equation (1) using w at which wetting of the wall begins for the surveyed cross-section. Critical discharge Q c and discharge percentile Q % derive from the correlation at each transect between measured w and Dàjīn Q scaled by relative drainage area. c S20 SHTO20,W23 WANS23, etc.
floods cause significant wall erosion [Hartshorn et al., 2002; Turowski et al., 2008] .
[22] We estimate that semiannual floods of about Q % 300 -500 m 3 s À1 on the Zhuók ouxī drive shear stresses of around t b = 100 -200 Pa. Discharge during the maximum flood on record on the Zhuók ouxī, which occurred during Typhoon M ındu lì, was an order of magnitude greater at Q % 3000 m 3 s
À1
. However, it produced a mean boundary shear stress only a factor of two greater (e.g., at WANS28; Figure 2b ), with t b % 300 Pa.
[23] Examination of the discharge time-series and of the analysis presented in Figure 2 reveals that the relative frequency of 150 Pa to 300 Pa floods is about 50-200. Unless the process of bed wear scales very nonlinearly with mean boundary shear stress, the erosive effect of the semiannual t b = 100-200 Pa floods probably predominates. The high sediment fluxes in Taiwan are an important cofactor, but it is not clear whether they boost (tool effects) or diminish (cover effects) the rate of bedrock wear [e.g., Sklar and Dietrich, 2004] more or less during each of these two classes of flood.
[24] We deduce that the very high incision rates in this and other bedrock rivers in Taiwan originate more in the very high frequency of the moderate floods than in the exceptional magnitude of the extreme discharges. To test this assertion further will require long-term, event-by-event monitoring of floods in fast-eroding rivers like the Zhuók ouxī.
